ABSTRACT Conductance fluctuation is usually unavoidable in graphene nanoribbons (GNR) due to the presence of disorder along its edges. By measuring the low-frequency noise in GNR devices, we find that the conductance fluctuation is strongly correlated with the density-of-states of GNR. In single-layer GNR, the gate-dependence of noise shows peaks whose positions quantitatively match the subband positions in the band structures of GNR. This correlation provides a robust mechanism to electrically probe the band structure of GNR, especially when the subband structures are smeared out in conductance measurement.
C onsiderable interest in mesoscopic low-dimensional electron systems has been motivated by a variety of unusual transport phenomena originating from the quantum confinement effect. [1] [2] [3] Inherent to quantum transport systems, enhanced conductance fluctuations due to disorder have brought intensive discussions on their correlation with the quantized density-of-states. 4, 5 To date, research on conductance fluctuations is not only the subject of main scientific concerns in kinetics of quantum transport 6, 7 but also of particular interest in probing the electronic band structure of low-dimensional nanostructures. 8, 9 Low-frequency conductance fluctuation, or the flicker noise, has been broadly utilized to characterize the trap-induced charge switching processes. 10, 11 The finding of strong correlation between the trap-induced conductance fluctuations (noise) and the density-of-states (DOS) in low-dimensional nanostructures has raised broad interest in the research of two-dimensional electron-gas (2DEG) and multiple cross-fields. 9, [12] [13] [14] [15] Graphene has recently attracted much attention for its ultrahigh intrinsic carrier mobility and thermal conductivity, both of which greatly benefit device applications. 16, 17 Graphene nanoribbon (GNR), the graphene with a nanometer-size width, is a quasi-one-dimensional (1D) material with the presence of an energy gap, 18 which is advantageous over the large graphene (no bandgap) for switching on/off the devices. However, the quantum transport of GNRs is still poorly understood: much debate remains on the origins of the energy gap in GNR, [19] [20] [21] [22] whereas the correlation of conductance fluctuations with the quantum confinement effect along the width of GNR has been amazingly unexplored. On the other hand, although previous works report the subband formation of GNR as indicated in the observation of quantized conductance plateaus, 23, 24 these plateaus can be significantly disturbed by multiple types of disorder similar to the case in quantum wire systems. [25] [26] [27] A more robust and direct probing mechanism to the band structure of GNR is thus critical and of fundamental interest to examine the intrinsic electrical properties of GNRs. In this context, a recent work by Lin et al. showed the room temperature noise measurement of GNRs, which shed light on the noise dependence on the change of energy gap in bilayer GNRs. 28 In this Letter, we report the observation of strong correlation between the enhanced conductance fluctuations of GNR and its electronic band structure. By measuring the lowfrequency noise of GNR devices at low temperature (77 K), we find that the enhanced conductance fluctuations (noise) originate from the quantum confinement effect along the GNR widths: in single-layer GNR (SLR), the gate-dependence of noise shows peaks whose positions quantitatively agree with the quasi-1D transport theory; in bilayer GNR (BLR), the noise peaks are also obvious while the band structure is unclear in conductance data. The correlation between noise and DOS provides a robust mechanism to directly probe the band structure of GNRs, especially when the subband feature is smeared out in conductance measurement. Our result can extend to a broad range of low-dimensional nanostructures and reinvigorate interest toward implementing conductance fluctuations (noise) for fundamental studies of quantum transport systems.
GNR samples were prepared by a nanowire-mask-based fabrication method as reported before. 29 The GNRs were patterned into multiprobe structures by e-beam lithography. GNR devices were maintained in vacuum environment, and a vacuum bakeout process was applied to partially desorb contaminants before the measurements. 21 We apply a standard four-probe setup to reduce the noise contribution from the contacts: 30 an Agilent 4156C was used to apply dc current to the GNR within its linear regime; an Agilent 35670A was used to collect the noise spectra of the fluctuations in the potential difference (V) across the GNR sample. Under each gate bias (V g ), the dc conductance (G) and lowfrequency noise spectra (S V ) were collected at the same time to avoid the hysteresis effect (see Supporting Information). We use the frequency (f)-averaged noise figure A )
to characterize the noise level, where the noise spectra follow with a 1/f R behavior (R ranging from 0.85 to 1.12). 31 The dimension of GNR samples (the length (L) and width (W)) are measured by detailed atomic-forcemicroscopy (AFM) scanning.
29 Figure 1a shows the typical temperature (T)-dependent G versus V g curves (shifted by the gate bias at Dirac point, V Dirac ) for a SLR sample, where the electron-hole asymmetry may be caused by the contact-doping effect. 32 Because of quasi-1D subband formation, the conductance plateaus appear at T ) 77 K for both electron-(V g -V Dirac > 0) and hole-conduction (V g -V Dirac < 0) sides, and smear out at T ) 300 K. 23 The negative differential conductance region (i.e., ∂G/∂|V g | < 0 as circled) results from the enhanced intersubband scattering near the transition of conductance plateaus. 27 To see the noise correlation with quasi-1D subband formation, we rescale the gate-dependence of the noise as (|V g -V Dirac |) 1/2 in SLR and |V g -V Dirac | in BLR for the rest of this paper. 33, 34 This representation helps show the noise behavior in the energy scale (E SLR ∼ (|V g -V Dirac |) 1/2 and E BLR ∼ |V g -V Dirac |), where the difference for SLR and BLR comes from their different energy dispersions. 34 We confirmed that the noise spectra follow 1/f behavior (see top inset of Figure  1b ) at each applied gate bias, thus the definition of noise figure (A) is valid. 9, 28 Figure 1b shows the gate-dependence of the noise figure (A) for electron-conduction side of SLR1 (the data for hole-conduction side are qualitatively the same). At T ) 77 K, the noise curves (top) show noise peaks near the transition of conductance plateaus (bottom). The main noise peaks (as arrowed) are nearly equidistant in the scale of (V g -V Dirac ) 1/2 ; this is consistent with the fact that the separation of the quasi-1D subbands (see the bottom inset of Figure 1b ) is nearly constant (the K-K′ subband splitting effect is discussed in Figure 2) . 23, 24, 27 The noise peaks are confirmed to be independent from the applied current, gate sweeping direction and frequency range, assuring that their origin comes from intrinsic trapping/ detrapping processes near the SLR.
We propose that the noise peaks originate from the enhanced trap-induced conductance fluctuations that follow the density-of-states (DOS) of SLR (see bottom inset of Figure 1b). Starting from a qualitative explanation, the correlation between the conductance fluctuations and the band structure of SLR can be viewed as follows: In the presence of trap states, the trapping/detrapping processes cause the fluctuations of Fermi energy (∆E F ) that originate from the change of screened Coulomb potential of the traps. Consequently, the ∆E F induces enhanced conductance fluctuations near the threshold of the nth subband (E n ), because the DOS (F n (E) ∝ (E -E n ) -1/2 ) diverges near E ∼ E n . 27 Correspondingly, the conductance fluctuations are suppressed between the thresholds of subbands where the profile of DOS is smoother. Our physical picture is consistent with the general noise model as referred in III-V quantum structures, 2 , where S G is the noise spectral density of the conductance fluctuations. 12 We note that the noise peaks disappear at 300 K and at higher gate biases, which mainly result from the subband mixing caused by the temperature and disorder (short-range), respectively. 26, 27 To quantify our explanation, we further study the dimension-dependence of the noise. Quantitative analysis shows that the noise peak is indeed a measure of the band structure as described below.
As W increases, the separation of noise peaks decreases (as arrowed in Figure 2a) ; this fact is consistent with the W-dependence of subband separations in SLR. 23, 26, 27 We apply the classical model of a conducting strip to estimate the gate capacitances as 23, 35 
(W ∼ 42 nm, t ox ∼ 322 nm) and 3.2 × 10 11 cm -2 V -1 (W ∼ 68 nm, t ox ∼ 305 nm). Consequently, using the energy relation E ) pv F (C g π|V g -V Dirac |) 1/2 , the measured noise peak separation (as arrowed) can be converted to be ∆E ∼ 82 meV (W ) 42 nm) and 49 meV (W ) 68 nm). On the basis of the band structure, the subband separation is ∆E DOS ∼ πpv F /W ∼ 49 meV (W ) 42 nm) and 30 meV (W ) 68 nm), respectively. The discrepancy between ∆E and ∆E DOS (within a factor of 2) is due to the overestimation of C g . 23, 35 The ratio ∆E DOS (42 nm)/∆E DOS (68 nm) ∼ 1.62 reasonably matches the ratio ∆E(42 nm)/∆E(68 nm) ∼ 1.68 for the noise peak separations; this fact strengthens our statement that the noise peaks strongly correlate to the subband structures formed by the quantum confinement along the width.
As L increases, the number of noise peaks decreases (as arrowed in Figure 2b ) because of the subband mixing resulting from an increase of disorder.
In Figure 2b , we also observe a series of seven noise peaks in SLR3 (W/L ∼ 30 nm/0.61 µm) that quantitatively follow the K-K′ subbands splitting in the DOS. That is, the noise peaks show alternative separations, giving ∆E′/∆E ∼ 0.29 (∆E′ is the K-K′ subband splitting), a ratio comparable to theoretical predictions for armchair nanoribbons (0.13-0.46). 23, 24 The ratio ∆E(30 nm)/∆E(42 nm) ∼ 1.9 (∆E(30 nm) is estimated between the odd-order noise peaks) reasonably matches the ratio ∆E DOS (30 nm)/∆E DOS (42 nm) ∼ 1.4. This K-K′ subband splitting effect is not clearly observed in SLR1 and SLR2 (Figure 2a) , where the splitting separation (∆E′) can be smeared out by temperature. To prove this, we did measurement for SLR1 at T ) 4.19 K, where extra noise peaks (corresponding to the K-K′ subband splitting) are observed (∆E′/∆E∼0.4) comparing with the case at 77 K (see Supporting Information).
While the noise peaks are well-defined by the quantum confinement along the width, we note that the ideal con- ductance plateaus can be significantly disturbed by disorders (see Figure 2a ,b). For example, SLR2 (W ∼ 68 nm) shows lower conductance than that of SLR1 (W ∼ 42 nm), indicating a smaller transmission coefficient of subbands in SLR2 due to disorder. 23, 27 Detailed AFM scanning shows that SLR2 is indeed more disordered (e.g., nonuniformity of width and chemical residual, see Supporting Information). The reason may be that while all disorders contribute to the scattering that disturb the conductance from the ideal case, only the trap states near the Fermi-energy (partial disorder) that cause the trapping-detrapping processes contribute to the measured noise. This fact suggests that the noise is a more direct probing mechanism for the subband structure of SLRs than the conductance.
Comparing with SLR, BLR has more complicated subband structures and the theoretical works on its fundamental transport are still rare. 36, 37 We thus limit the discussion of BLR to be qualitative.
The main feature for BLR is that (see Figure 3 ) the noise peaks are apparent at T ) 77 K (smeared at 300 K), whereas the corresponding conductance plateaus are not as obvious. Also, BLR shows more noise peaks than SLR, and the noise peaks (as arrowed) are not equidistant in the scale of V g -V Dirac ; both facts are consistent with the BLR subband structure, where the separation of subbands is smaller than SLR and not equidistant in the energy scale. 36 Thus, similar to the discussions in SLR, we attribute these noise peaks in BLR to the enhanced conductance fluctuation near its subband thresholds. This fact reaffirms that the noise can act as a robust mechanism to directly probe the DOS, especially for BLR whose subband structures are smeared out in conductance measurement. Complicated by the subband structure, we did not see clear dimension-dependence of the noise peaks in BLR. 38 Besides, we note that the noise level of BLR is overall lower than that of SLR with similar L and W, which may relate to the carrier screening effect in BLR. 28 Finally, we discuss about the T-dependence of the noise behavior in our GNRs. In our measurement, no clear (or weak) T-dependence of conductance value is observed for both SLR and BLR (see Supporting Information), while the noise floor (other than the noise peaks) is larger at 77 K than 300 K (see Figures 1b and 3) . This fact appears similar to the noise theorem in the hopping regime: 39, 40 the noise increase at 77 K can come from the reduced number of conducting paths, thus the effective conducting area reduces and the noise (∼1/Area) increases. Furthermore, we measured the large graphene (∼micrometer width) and found an opposite T-dependence: the noise is lower at 77 K than 300 K (not shown). This suggests that the edge significantly impacts the noise behavior of GNRs, since edge states are more influential in GNR transport than large graphene.
In conclusion, we observe the enhanced conductance fluctuations in GNRs induced by the quantum confinement effect along the widths; this is clearly proved by the strong correlation between the noise peaks and the band structure (DOS) of the GNRs on the quantitative level. This correlation provides a robust mechanism to electrically probe the band structure of GNRs, especially when the subband feature is smeared out in the conductance (G) measurement. Our result can extend to research in a broad range of lowdimensional nanostructures, which promotes the noisebased metrology for the electronic band structure of quantum transport systems.
